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ABSTRACT
The K-electron capture half-life of 123Te has been recently measured
to be tKexp = 2.4 × 10
19 yr, and constitutes the longest half-life ever mea-
sured in a single β-transition of any nuclear species. We have calcu-
lated this second unique forbidden transition within the framework of
the proton-neutron quasi-particle random phase approximation, making
use of Skyrme-type effective interactions. A strong cancellation effect be-
tween particle-hole and particle-particle correlations is found. The model,
without any renormalization of the force, provides a lower limit for the
K-electron capture half-life of ∼ 1017 yr, which unambiguously rules out
the old experimental values of 1013 − 1014 yr. A few percent increase of
the particle-particle matrix elements of the Skyrme interaction allows to
reproduce the experimental findings.
PACS codes: 23.40.Hc, 21.10.Tg, 21.60.Jz, 21.60.+j
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Experimental evidence for a strongly suppressed second unique forbidden elec-
tron capture (EC) process in 123Te was recently obtained at the Gran Sasso Un-
derground Laboratory, making use of sophisticated calorimetric techniques [1]. The
resulting half-life for K-electron capture was reported to be tKexp = 2.4 × 10
19 yr, a
value which is in contradiction with both the value of 1013 − 1014 yr reported in the
tables and the systematics of these processes [2]. To our knowledge, this is the longest
half-life ever measured in a natural single β-transition of any nuclear species. Since
atomic and Q-value effects account only for a factor of ∼ 1016 in the K half life, the
remaining factor of ∼ 103 testifies to the action of an extremely strong cancellation
mechanism between particle-hole and particle-particle correlations [3]. These facts
make a theoretical calculation worth doing.
The interplay between particle-hole and particle-particle contributions to nu-
clear matrix elements is found in a wide range of nuclear phenomena (cf. e.g. Refs.
[6, 7, 8] and refs. therein). Systematic studies of these effects in channels different
from the p-n channel, which are as a rule easier to deal with, have indicated the impor-
tance of using a realistic configuration space to calculate the wavefunctions describing
the initial and final states connected by the transition. In keeping with these facts,
in what follows we shall calculate the half-life of the second unique forbidden decay
of 123Te using as input various experimental data obtained from one-nucleon transfer
experiments. The microscopic structure of the initial and final configurations have
been worked out in the proton-neutron quasi-particle random phase approximation
(pn-QRPA), making use of Skyrme-type interactions. Since the Skyrme parameters
[9] are fixed mainly to reproduce bulk and particle-hole-like nuclear properties in
calculations carried out in a limited single-particle subspace, one can hardly trust
their particle-particle matrix elements, nor can one use the purely geometric Pandya
transformation directly. For this reason, a multiplicative factor Gpp is introduced,
which renormalizes the particle-particle matrix elements calculated via the Pandya
transformation (cf., e.g., Ref. [4]). This parameter reflects a basic limitation in the
present understanding of the nuclear interaction.
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The results of our calculation provide a lower limit for the K-electron capture
half-life, of the order of ∼ 1017 yr. The value tK1
2
= 1.3 × 1017 yr is obtained if no
renormalization of the Skyrme particle-particle matrix elements is introduced (Gpp =
1), while the experimental half-life of Ref. [1] is reproduced with Gpp = 1.06.
The process under consideration is
123Te
(
GS, Jpiii =
1
2
+
)
+ e− −→123 Sb
(
GS, J
pif
f =
7
2
+
)
+ νe, (1)
with ∆J = 3 and πiπf = +1. It falls into the second unique forbidden class (see
e.g. refs. [5, 10, 11]). Following the theory of EC [10, 12], this type of forbidden
transitions can only proceed through capture from K, L, M atomic shells. Neglecting
corrections induced by the strong interaction, the partial decay constants are given
by (with h¯ = c = me = 1)
λx =
ln 2
tx1
2
=
8
15π
G2β
p2(kx−1)x q
8−2kx
x
(2kx − 1)!(7− 2kx)!
β2xBx × B(Tˆ
+
3,2,1; i→ f), (2)
with kx = 1 for K, L1,2, M1,2 atomic orbitals, kx = 2 for L3, M3,4, and kx = 3 for
M5. The quantity Gβ is the weak interaction coupling constant involved in β
− decay
processes, px is the momentum of the electron captured from shell x and qx is the
momentum of the emitted neutrino. Neglecting nuclear recoil, we have qx = QV −Ex,
where Ex is the binding energy of atomic shell x, while QV = 0.0513 MeV (= 0.1
in the units introduced above) [2] is the very small Q-value of the reaction. It is
worth stressing that the smallness of this Q-value leads to the emission of a very
low energy neutrino (qx ≪ 1), which accounts for both the strong suppression of the
decay constants and for the prominent role played by capture processes from higher
atomic shells. The quantity βx is the Coulomb amplitude for the shell x, that is the
probability amplitude to find a x-electron inside the nucleus 123Te. The quantity Bx
is a correction factor taking into account the atomic exchange and overlap effects
associated with the x−electron [13].
Nuclear structure enters the calculation of λx through the quantity
B(Tˆ+3,2,1; i→ f) =
(
gA
gV
)2
1
2Ji + 1
∣∣∣〈f ∣∣∣∣∣∣Tˆ+3,2,1∣∣∣∣∣∣ i〉∣∣∣2 , (3)
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that is, the reduced transition probability induced by the charge-exchange spin-flip
quadrupole operator Tˆ+3,2,1 = r
2~Y3,2 · ~σ τ+ (we follow the notation of Ref. [10]) acting
between the initial and final nuclear states. In keeping with the well known quenching
effect associated with Gamow-Teller strength found in p-n reactions [14], we shall use
the effective value gA/gV = 1 for the ratio between axial and vector weak coupling
constants [15]. Making use of the experimental results of Ref. [1] and of Eq. (2), one
can extract an empirical nuclear matrix element, which, reverting to standard units,
is ∣∣∣〈f ∣∣∣∣∣∣Tˆ+3,2,1∣∣∣∣∣∣ i〉∣∣∣2 = 1.8× 10−3 fm4. (4)
Using again Eq. (2) to scale the atomic contribution, one can deduce empirical esti-
mates for the half-lives of EC from higher atomic shells. These are reported in column
2 of Table 1. We stress that these results depend only on rather general assumptions
concerning standard EC theory, and are independent of any nuclear structure model
once the matrix element in Eq. (4) is known.
One-nucleon transfer experiments [16] indicate that the main component (78%)
of the wave function describing the ground state of 12352 Te71 is a pure
122
52 Te70 even-even
core plus an odd 3s 1
2
neutron. Within this model space, the only configuration in the
daughter nucleus 12351 Sb72 which gives a sizable contribution to the transition matrix
element appearing in Eq. (3) corresponds to the coupling to J
pif
f = 7/2
+ between the
lowest Jpi = 3+1 excited state of
122
51 Sb71 core and the 3s 1
2
neutron. This configuration
has been measured to be present in the ground state wavefunction of the daughter
nucleus with a probability of 16% [17]. Other configurations which can contribute to
the nuclear matrix element in Eq. (3) involve either higher order forbidden transitions
or contain hindrance factors.
Within this scenario, the decay process in Eq. (1) is equivalent to the transition
122Te
(
GS, Jpiii = 0
+
)
+ e− −→122 Sb
(
J
pif
f = 3
+
1
)
+ νe. (5)
The contribution of the spectator neutron configuration ν3s 1
2
may be factored out in
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terms of the matrix element of Eq. (3) as follows (cf. e.g Ref.[11])
∣∣∣∣
〈[(
122Sb, Jpi = 3+1
)
⊗
(
ν3s 1
2
)]
7
2
+
∣∣∣∣∣∣Tˆ+3,2,1∣∣∣∣∣∣ [(122Te, Jpi = 0+)⊗ (ν3s 1
2
)]
1
2
+
〉∣∣∣∣2
=
8
7
∣∣∣∣
〈
122Sb, Jpi = 3+1
∣∣∣∣∣∣Tˆ+3,2,1
∣∣∣∣∣∣122Te, Jpi = 0+〉
∣∣∣∣2 . (6)
The problem has thus been reduced to the calculation of the matrix element of the
operator Tˆ+3,2,1, from the even-even system
122Te to the lowest 3+1 state in
122Sb. To
make sure that violations of the Pauli principle do not make our model unreliable,
we have checked numerically that the inclusion or exclusion from our basis of the
quasi-particle configurations involving the spectator state ν3s 1
2
does not change the
results for the transition probabilities significantly.
To do this, the mean-field of 122Te is described in terms of a Woods-Saxon po-
tential parameterized according to Ref. [11]. The spin-orbit strengths are adjusted
to reproduce the correct single particle level order [18]. Pairing correlations are taken
into account in the BCS approximation, making use of experimental proton and neu-
tron pairing gaps deduced from the experimental odd-even mass difference [11]. Some
quasi-particle energies and occupation factors are substituted with their correspond-
ing experimental values, where available [19]. As nuclear residual interaction, we
use the set of Skyrme parameters, SGII, which was specially designed to reproduce
spin-isospin properties of nuclei [20]. Both particle-hole and particle-particle matrix
elements, related via the Pandya transformation, are introduced, and the latter are
renormalized via the multiplicative parameter Gpp. These interactions are diagonal-
ized in the standard pn-QRPA scheme within a proton-neutron two quasi-particle
basis. The 3+ spectrum of the β+ daughter nucleus 122Sb is thus obtained, and the
squared transition matrix element defined in Eq. (6) is calculated as a function of the
parameter Gpp. The introduction of the experimental data obtained from stripping
and pick-up reactions [16, 21, 22, 23] and, in particular, of the quasi-proton energies
reduces the value of the transition matrix element of about one order of magnitude
and drastically changes the features of its dependence on the strength Gpp of the
particle-particle interaction. Finally, we average the 3+ strength associated to the
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few states found within 0.2 MeV of excitation energy, and we multiply this strength
by the factor 0.78× 0.16 discussed above.
The results for the half-lives are collected in Table 1. From the calculation,
it turns out that sufficiently large values of Gpp lead to a divergence of the matrix
element under study, a result typical of a phase transition within the pn-QRPA for-
malism and well known as Thouless or RPA instability [24]. We shall thus disregard
results associated with this region as non-physical. Within the physical region the
transition strength varies in a range from 0 to a maximum of ∼ 3 fm4. The zero
value corresponds to an exact cancellation between particle-hole and particle-particle
correlations (cf. e.g. Ref. [4]). As a consequence, we may conservatively extract only
lower limits for EC half-lives. These are shown in column 3 of Table 1. In particular,
we point out the result for the lower limit of the K-capture half-life, ∼ 1017 yr, which
lies right between the old and the new experimental data.
In column 4 of Table 1 we report the half-lives corresponding to Gpp = 1, that
is, with no renormalization of the Skyrme particle-particle matrix elements. These
values are close to the lower limit discussed before. It can be seen from the table
that the K half-life in this case is 1.3 × 1017 yr, so that two orders of magnitude
still separate the theoretical and the experimental half-lives. These can be matched
introducing a slight renormalization of the particle-particle correlations, namely using
the value Gpp = 1.06.
In conclusion, a strong cancellation effect between particle-hole and particle-
particle correlations appears already at the level of the pn-QRPA with Skyrme-type
effective interactions. Theory can account for the experimental findings introducing a
6% renormalization of the particle-particle matrix elements. Estimates with Gpp = 1
provide anyway a lower limit, which can clearly rule out the results of previous ob-
servations.
Discussions with F. Alasia, N. Giovanardi, B. Lauritzen, B. R. Mottelson, E.
Ormand, N. Blasi and with the authors of Ref. [1] are gratefully acknowledged. We
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also thank the referees for suggestions concerning the experimental data about the
structure of the wavefunctions which describe the states connected by the transition.
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x tx1
2
(yr)
empirical lower limit Gpp = 1
K 2.4×1019 ∼ 1017 1.3× 1017
L 6.1×1016 ∼ 1014 3.2× 1014
M 1.6×1017 ∼ 1015 8.6× 1014
Total 4.3×1016 ∼ 1014 2.3× 1014
Table 1: Decay half-lives for electron capture from different atomic orbitals, expressed
in years. Column 2: empirical half-lives deduced from K-capture experimental data.
The first entry comes from the experiment reported in Ref. [1], while the other entries
are derived as described in the text. These results can be reproduced theoretically by
setting Gpp = 1.06. Column 3: theoretical lower limits. Column 4: theoretical results
obtained with Gpp = 1.
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